Abstract. Beneficial effects of statins on cardiovascular diseases have been attributed to decreased generation of reactive oxygen species (ROS). We tested the hypothesis that atorvastatin protects against the development of hypertension by reducing levels of NADPH oxidase-derived ROS in two hypertensive animal models. Atorvastatin was given to mice chronically infused with angiotensin (Ang) II or to apolipoprotein E (ApoE)-deficient mice fed a high-fat diet. Increased mean blood pressure (MBP) demonstrated in both animal models was significantly suppressed by atorvastatin with reduced ROS production in the aorta. Treatment with atorvastatin did not alter the mRNA level of NOX1, a catalytic subunit of NADPH oxidase, but decreased the levels of other NOX isoforms, NOX2 and NOX4, in the ApoE-deficient mice fed a high-fat diet. In the Ang II-infused model treated with statin, only the NOX4 mRNA level was reduced. Membrane translocation of Rac1 was significantly reduced in the Ang II-infused mice treated with atorvastatin. Finally, atorvastatin administered to Ang II-infused mice lacking the Nox1 gene elicited an additional decline in MBP compared to Nox1-deficient mice treated with vehicle. Together, these findings suggest that reduced expression and activity of the isoforms of NADPH oxidase, involving NOX1, NOX2, and possibly NOX4, mediate the anti-hypertensive effect of atorvastatin.
Introduction
Reactive oxygen species (ROS) were primarily known as crucial molecules in host defense. Over the last decade, ROS have been also recognized as important signaling molecules that modulate the transcription of various genes via the activation of redox-sensitive protein kinases and transcription factors (1) . While ROS are generated in non-enzymatic and enzymatic reactions, NADPH oxidase was identified as a major source of ROS produced in response to stimuli (2, 3) . NADPH oxidase is a multicomponent enzyme comprising the membrane-bound catalytic subunits NOX and p22phox, which associate with several cytosolic regulatory subunits (4) . Recently, multiple homologs of NOX were found, among which NOX1, NOX2, and NOX4 were identified in vascular tissues. Accumulating evidence indicates that ROS generated by NADPH oxidase take part in the development of various cardiovascular disorders such as hypertension (5) , aortic dissection (6) , and vascular remodeling (7) .
Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, have been used clinically as a cholesterol-lowering drug to treat hyperlipidemia. Evidence in support of their beneficial effects on cardiovascular diseases is steadily increasing in animal studies and clinical trials (8, 9) . In a chronic angiotensin (Ang) II-infusion model and in spontaneously hypertensive rats (SHR), treatment with statins reduced cardiovascular derangements by suppressing production of ROS (10, 11) . Statins also demonstrated an antioxidative effect and down-regulated the expression of NADPH oxidase subunits in cultured vascular smooth muscle cells and in transgenic TG (mRen2)27 (Ren2) rats (12, 13) . These findings suggest NADPH oxidase to be a crucial target of statin therapy.
In this study, we investigated the impact of statin on vascular NADPH oxidase in two murine models of chronic hypertension. The findings suggested that atorvastatin suppresses the development of hypertension by reducing the expression and activity of the isoforms of NADPH oxidase, involving NOX1, NOX2, and possibly NOX4.
Materials and Methods

Animal model
Hypertensive mice were generated by the infusion of Ang II into 10-week-old C57BL /6 mice and into Nox1-deficient mice with their control littermates as previously described (5 For the model of atherosclerosis, 10-week-old apolipoprotein E (ApoE)-deficient and age-matched C57BL /6 mice were fed a high-fat, cholesterol-rich (HFCR; Oriental Yeast Co., Ltd., Tokyo) diet for 7 weeks. During the 7-week period, the same dose of atorvastatin was administered as described above.
The present study was performed with the approval of the Committee for Animal Research at Kyoto Prefectural University of Medicine.
Blood pressure measurements
Blood pressure in conscious mice was measured by the tail-cuff system using BP98A (Softron Co., Tokyo). Before the osmotic pump was implanted, at least 3 days of training were conducted to accustom mice to the procedure. For each time point, five measurements were obtained and averaged for each mouse.
Dihydroethidium (DHE) staining
The thoracic aorta was dissected and snap-frozen in liquid nitrogen after being embedded in Tissue-Tek O.C.T. compound (Sakura Finetechnical Co., Tokyo). Unfixed frozen ring segments were cut into 30-μm-thick sections and placed on a glass slide. DHE (10 μM; Molecular Probes, Eugene, OR, USA) was topically applied to each tissue section and coverslipped. Slides were incubated in a light-protected humidified chamber at 37°C for 30 min. For the detection of ethidium bromide, a 543-nm He-Ne laser combined with a 560-nm long-pass filter was used.
Detection of superoxide production
Superoxide production was measured by the lucigenin chemiluminescence method. Aortic rings (0.5 cm) were dissected and incubated for 30 min in Krebs-HEPES at 37°C. Rings were transferred to scintillation vials containing 5 μM lucigenin in Krebs-HEPES buffer and then incubated for 10 min at 37°C in the dark. After the incubation, chemiluminescence was measured by a luminometer (AB-220 Luminescencer PSN; ATTO Co., Tokyo) over 10 min at 1-min intervals. Following the measurement of the baseline chemiluminescence for 5 min, NADPH (100 μM) was added and data were taken for another 5 min. The lucigenin chemiluminescence was expressed as relative light units (RLU) per milligram of dry tissue weight per min.
Real-time PCR
The thoracic aorta of mice was dissected and snapfrozen in liquid nitrogen. Total RNA was isolated by the acid guanidinium thiocyanate/phenol/chloroform method. RNA was reverse-transcribed using the Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen Corp., Carlsbad, CA, USA). Real-time PCR was performed using the 7300 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) with the SYBR Premix Ex Taq (Takara Bio Inc., Shiga). Dissociation curves were monitored to check the aberrant formation of primer dimers. PCR-amplified products were electrophoresed on 2% agarose gels to confirm the presence of a single band. Copy numbers were calculated based on standard curves generated with genuine cDNA templates. The following sequence specific primers were used: Nox1, sense 5'-ctgacaagtac tattacacgagag-3', antisense 5'-catatatgccaccagcttatggaag-3'; Nox2, sense 5'-aactgtatgctgatcctgctgc-3', antisense 5'-gttctcattgtcaccgatgtcag-3'; Nox4, sense 5'-tgaggagtcact gaactatgaagttaatc-3', antisense 5'-tgactgaggtacagctggatg ttcaca-3'.
Cell fractionation
The thoracic aorta of mice was dissected and snapfrozen in liquid nitrogen. Samples homogenized with lysis buffer containing 0.25 M sucrose and 5% protease inhibitor cocktail (Sigma) were centrifuged at 8,000 × g for 10 min at 4°C. The supernatant was then centrifuged at 100,000 × g for 30 min. The supernatant containing cytosolic proteins was collected. The pellet representing membrane proteins was resuspened in sample buffer (12 mM sodium deoxycholate, 3 mM SDS, and 1% Nonidet P40 in PBS containing 5% protease inhibitor) and supplied for immunoblotting.
Western blot analysis
Proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. After transfer, membranes were blocked with 5% nonfat milk and incubated overnight with an anti-Rac1 antibody (Upstate, Charlottesville, VA, USA) or with anti-β-actin antibody (Sigma). The membranes were incubated with horseradish peroxidase-conjugated secondary antibody before detection with ECL-Plus (GE Healthcare, Buckinghamshire, UK). The density of the band was analyzed using NIH Image J software (http://rsbweb. nih.gov/ij/).
Morphological analysis
Mice were anesthetized and transcardially perfused with 10 ml of PBS followed by 10 ml of 4% paraformaldehyde phosphate buffer under pressure (100 mmHg). The aorta placed in 4% formalin overnight was processed and embedded in paraffin. Three sections (6 μm) were obtained from each descending thoracic aorta, 3-mm distal to the left subclavian artery at 500-μm intervals and stained with Elastica Van Gieson stain (EVG). The medial areas were measured using Image J software.
To identify lipoid deposits in the aorta, aortic tissue containing the arch and 1 cm of descending artery measured from the left subclavian artery was excised. The positive areas were measured using Image J software following oil red staining (0.5%).
Statistics
Statistical analyses were performed with the KruskalWallis test followed by the Dunnett test. For multiple treatment groups, a repeat-measure, two-way, or Latinsquare design ANOVA followed by the Tukey-Kramer test was applied.
Results
Atorvastatin suppressed the elevation of blood pressure induced by Ang II-infusion
When atorvastatin was administered to mice infused with PBS, mean blood pressure (MBP) remained unchanged during the experimental period. In response to the continuous infusion of Ang II, MBP levels were similarly elevated in both the vehicle-and atorvastatintreated groups until day 3 of treatment. From day 5 until day 14 of Ang II-infusion, however, the increase was significantly suppressed and a lower MBP was demonstrated in the atorvastatin-treated group compared with the vehicle-treated group (Fig. 1a) . Atorvastatin suppressed superoxide production in the thoracic aorta of Ang II-infused mice
To evaluate the effect of atorvastatin on vascular superoxide production, DHE staining was performed in the thoracic aorta of Ang II-infused mice (Fig. 1b) . A low level of DHE fluorescence was detected in the thoracic aorta of both the vehicle-and atorvastatintreated groups after the infusion of PBS for 14 days. DHE fluorescence in the aorta of vehicle-treated mice was intensified after the infusion of Ang II for 14 days. On the other hand, DHE fluorescence was attenuated in the atorvastatin-treated group compared with the vehicle-treated group.
We next carried out the lucigenin chemiluminescence assay to ensure the effect of atorvastatin on vascular superoxide production. No difference in chemiluminescence was detected between the vehicle-treated and atorvastatin-treated groups infused with PBS. After the infusion of Ang II for 14 days, however, the chemiluminescence of the aorta was significantly less intense in the atorvastatin-treated group than the vehicle-treated group (Fig. 1c) .
Atorvastatin reduced NOX4 mRNA expression in the thoracic aorta of Ang II-infused mice Levels of NOX1, NOX2, and NOX4 mRNAs expressed in the thoracic aorta of PBS-infused control mice were 72.5 ± 15.8, (108.9 ± 20.7) × 10
3
, and (3776.4 ± 259.2) × 10 3 copies/μg RNA, respectively. After Ang II-infusion for 14 days, levels of all NOX isoforms were significantly increased in the vehicletreated group. Atorvastatin did not affect the mRNA levels of NOX1 and NOX2, whereas the level of NOX4 mRNA was significantly reduced in the Ang II-infused group (Fig. 2) .
Atorvastatin reduced membrane translocation of Rac1 in the thoracic aorta of Ang II-infused mice
To verify the effect of atorvastatin on membrane translocation of Rac1, one of the cytosolic subunits necessary for the activation of NOX1 and NOX2 /NADPH oxidases, we next examined the subcellular distribution of Rac1 in mice treated with atorvastatin. As shown in Fig. 3 , a marked increase in the amount of Rac1 localized in the membrane fraction was observed in Ang II-infused mice. In the Ang II-infused group treated with atorvastatin, the membrane translocation of Rac1 was significantly suppressed. On the other hand, no significant difference in the amount of cytosolic Rac1 was detected among all groups. These results suggest that reduced translocation of Rac1 contributed to the anti-hypertensive effect of atorvastatin.
Atorvastatin did not affect Ang II-induced vascular hypertrophy
As vascular hypertrophy is closely linked to elevated blood pressure, we investigated the effect of atorvastatin on Ang II-induced vascular hypertrophy. When the medial area in cross-sections of the thoracic aorta was compared, the infusion of Ang II for 14 days was found to have induced significant hypertrophy in both the vehicle-treated and atorvastatin-treated groups. Thus the administration of atorvastatin did not affect vascular remodeling induced by Ang II under our experimental conditions (Fig. 4) .
Atorvastatin suppressed the elevation of blood pressure and decreased ROS production in ApoE-deficient mice
To better reproduce the setting for the clinical usage of statins, we examined the effects of atorvastatin on the blood pressure of ApoE-deficient mice on a high-fat diet. The administration of atorvastatin did not affect the MBP of wild-type mice during the experimental period. In ApoE-deficient mice fed a high-fat diet, MBP levels gradually elevated during 7 weeks. As shown in Fig. 5a , atorvastatin significantly suppressed the increase in MBP in ApoE-deficient mice.
When the effect of atorvastatin on vascular superoxide production was investigated, no difference was detected in the thoracic aorta of wild-type mice treated with statin. On the other hand, the marked increase in superoxide production demonstrated in ApoE-deficient mice was significantly attenuated in the group treated with atorvastatin (Fig. 5b) .
Atorvastatin reduced the expression of NOX2 and NOX4 mRNAs in the thoracic aorta of ApoE-deficient mice Next, levels of NOX mRNAs were investigated in the thoracic aorta of ApoE-deficient mice fed a high-fat diet for 7 weeks. Levels of NOX1, NOX2, and NOX4 mRNAs expressed in the thoracic aorta of vehicletreated wild-type mice were 113.1 ± 46.1, (32.1 ± 6.4) × 10
3
, and (1008.4 ± 212.3) × 10 3 copies /μg RNA, respectively. As shown in Fig. 6 , NOX2 and NOX4 mRNA levels were significantly increased in ApoEdeficient mice compared with wild-type mice. Both NOX2 and NOX4 mRNA levels in ApoE-deficient mice were significantly decreased by the treatment with atorvastatin during this period. No difference in the NOX1 mRNA level was detected among the experimental groups.
Atherosclerotic lesions in ApoE-deficient mice
To clarify whether the decreased blood pressure demonstrated in atorvastatin-treated mice was linked to the formation of atherosclerotic lesions, the size of atherosclerotic plaques in the aortic arch was determined by Oil-Red staining. The Oil-Red-positive area was significantly increased in ApoE-deficient mice compared with wild-type mice. With the dose of atorvastatin applied in this study, however, no statistically significant improvement in the oil-red-positive area was shown in ApoE-deficient mice treated with statin ( Fig. 7: a  and b) . These findings suggest that the decreased MBP demonstrated in atorvastatin-treated ApoE-deficient mice was not primarily related to the development of atherosclerotic lesions.
Atorvastatin reduced blood pressure in Nox1-deficient mice infused with Ang II Finally, we examined the effect of atorvastatin on Nox1-deficient mice infused with Ang II. Our previous study indicated that NOX1 is involved in the late phase but not the early phase of the pressor response to Ang II (5). Consistent with our previous findings, the increase in MBP was significantly suppressed in Nox1-deficient mice on day 7 and 14 of Ang II-infusion. When atorvastatin was administered to wild-type mice infused with Ang II, the increase in MBP was suppressed compared with the vehicle-treated group. Notably, an additional decline in MBP was demonstrated when atorvastatin was administered to Nox1-deficient mice infused with Ang II (Fig. 8) . These results suggest that the NOX isoform other than NOX1 may also take part in the antihypertensive effects of atorvastatin.
Discussion
In this study, anti-hypertensive effects of atorvastatin were clearly demonstrated in Ang II-infused mice as well as in ApoE-deficient mice fed a high-fat diet. In both animal models, atorvastatin reduced ROS production and suppressed the expression of NOX4 mRNA in the aorta. In Ang II-infused mice, administration of atorvastatin decreased the translocation of Rac1 to the membrane fraction of aortic tissue. Interestingly, MBP was significantly decreased in Ang II-infused Nox1-deficient mice treated with atorvastatin. These findings suggest that atorvastatin exhibits antihypertensive effects possibly by reducing the expression and activity of multiple NADPH oxidase isoforms.
Atorvastatin markedly attenuated the development of hypertension, and this effect was accompanied by reduced production of vascular ROS. Ang II, the main effector peptide of the renin-angiotensin system (RAS), plays a major role in the initiation and progression of hypertension, vascular hypertrophy, and atherosclerosis (14, 15) . Various studies have demonstrated that ROS play an essential role in the development of hypertension by disrupting normal vasodilatory signaling pathways (5, 16) . The decrease in blood pressure brought about by atorvastatin may be therefore attributed to the reduced generation of ROS in Ang II-induced hypertension. An increase in MBP was also observed in ApoE-deficient mice fed a high-fat diet, an animal model in which atherosclerotic lesions develop with an elevation of total cholesterol and triglyceride levels in plasma (17) . Similar to the Ang II-infused model, atorvastatin blunted the elevation in blood pressure and suppressed ROS generation in ApoE-deficient mice. Since the increased blood pressure demonstrated in ApoE-deficient mice was associated with the development of atherosclerosis (18) , there remains a possibility that the decrease in MBP was due to reduced atherosclerotic lesions in mice treated with atorvastatin. To test this possibility, the formation of atherosclerotic lesions was examined in the aorta of ApoE-deficient mice. In the present experimental conditions, however, treatment with atorvastatin did not significantly affect the development of atherosclerotic lesions, whereas it was sufficient to prevent the development of hypertension. These results indicated that the anti-hypertensive effect of atorvastatin on ApoE-deficient mice was not due to the improvement of atherosclerosis.
We presently demonstrated that treatment with atorvastatin down-regulated the expression of NOX4 mRNA in both animal models. In line with our findings, it was reported that treatment with pitavastatin suppressed vascular NOX4 expression in an animal model of congestive heart failure (19) . However, to date, there is little information that supports the relationship between NOX4 and hypertension. In fact, the Ang II-induced increase in ROS production, which has been implicated in the pathogenesis of hypertension and vascular remodeling (4, 5), was not affected by depletion of NOX4 in aortic smooth muscle cells (20) . Further research is needed to clarify the role of NOX4 in the development of hypertension.
Most of the beneficial effects of statins have been attributed to inhibition of Rac isoprenylation (21) . Rac, a small GTPase, is required for the activity of NOX1 and NOX2/NADPH oxidase isoforms, but not NOX4 (22) . Post-translational modification of Rac by isoprenylation is necessary for translocation to the plasma membrane, where it directly interacts with NOX1 or NOX2, followed by a subsequent interaction with a cytosolic activator subunit to generate ROS (23, 24) . Translocation of Rac1 to the membrane fraction of aortic tissue was measured to verify the effect of atorvastatin on the activity of NADPH oxidase. Although mRNA levels of NOX1 and NOX2 were unchanged in our Ang II-infused model, membrane translocation of Rac1 was significantly attenuated by the administration of atorvastatin. These findings were in line with the reduced generation of ROS demonstrated in the atorvastatin-treated group. The findings also endorse the concept that statins inhibit trafficking of Rac to disturb the assembly of the NADPH oxidase complex, thereby suppressing the activity of NADPH oxidase (25) . Inhibition of Rac-dependent activation of NADPH oxidase may therefore underlie the anti-hypertensive effect of atorvastatin.
An additional decline in blood pressure was demonstrated when atorvastatin was administered to Nox1-deficient mice to characterize the NOX isoforms involved in the anti-hypertensive effect of statin. Thus the other NOX isoform of NADPH oxidase, NOX2, may take part in the anti-hypertensive effect of atorvastatin (26) . On the other hand, it should be noted that the extent of the decline in MBP observed in Nox1-deficient mice treated with statin was less than the sum of the decline in wildtype mice treated with statin plus the decline in untreated knockout mice. Namely, there was no additive effect of atorvastatin and Nox1 deficiency on Ang II-induced hypertension. If the effect of statin is NOX1-independent, the combined effect of atorvastatin and the abrogation of NOX1 would be additive. This fact, coupled with the findings in membrane translocation of Rac1 in aortic tissue, implies the involvement of both NOX1 and NOX2 in the antihypertensive effect of atorvastatin. As statins inhibit multiple molecules that are regulated by isoprenoids, there still remains the possibility that targets for statin other than NADPH oxidase also take part in the reduction in blood pressure observed in the present animal models.
In conclusion, atorvastatin suppressed increases in blood pressure in the Ang II-infused model as well as in ApoE-deficient mice fed a high-fat diet. The effect of atorvastatin is mediated by the Rac-dependent mechanism involving both NOX1 and NOX2/NADPH oxidases, and possibly reduced expression of NOX4.
